Spatially and momentum resolved energy electron loss spectra from an ultra-thin PrNiO 3 We present an experimental approach which allows for the acquisition of spectra from ultra-thin films at high spatial, momentum, and energy resolutions. Spatially and momentum (q) resolved electron energy loss spectra have been obtained from a 12 nm ultra-thin PrNiO 3 layer using a nano-beam electron diffraction based approach which enabled the acquisition of momentum resolved spectra from individual, differently oriented nano-domains and at different positions of the PrNiO 3 thin layer. The spatial and wavelength dependence of the spectral excitations are obtained and characterized after the analysis of the experimental spectra using calculated dielectric and energy loss functions. The presented approach makes a contribution towards obtaining momentum-resolved spectra from nanostructures, thin film, heterostructures, surfaces, and interfaces. Increased interest in nanostructures, ultra-thin films, and heterostructures calls for experimental probes with high spatial resolution. Electron Energy Loss Spectroscopy (EELS) in the transmission electron microscope (TEM) is one method capable of probing electronic, magnetic, and atomic structure at high spatial resolution. In addition, it is possible to obtain momentum-resolved EELS spectra (MREELS) showing the momentum (q) dependence (dispersion) of various excitations thereby probing bandstructures, bonding anisotropy, as well as indirect, and dipole-forbidden excitations. [1] [2] [3] [4] [5] [6] [7] [8] However, obtaining momentum resolved spectra from ultrathin films, heterostructures, and nanostructures at high spatial resolution has remained difficult.
The momentum information is accessed by acquiring the EELS spectra in the diffraction plane of the TEM. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] The scattering geometry for a MREELS experiment is presented in Fig. 1(a) . h is the scattering angle and q is the scattering vector given by k 0 -k 0 with k 0 and k 0 being the wave vectors of incident and inelastically scattered electrons, respectively.
1,2 Projected direction and magnitude of scattering angles are obtained in the electron diffraction pattern and are related to the direction and magnitude of jqj through
where h E is the characteristic angle. Selecting a set of Bragg diffraction spots with a slit (see Fig.  1(b) ) allows electrons scattered at a certain scattering angle into the spectrometer giving a spectrum showing energy loss (DE) and momentum transfer (jqj).
The obtainable spatial resolution depends on the electron beam/spot size as dictated by the angle of convergence of the primary electron beam, lens aberrations, and the diameter of the selecting aperture. 1, 9 MREELS spectra are mostly obtained with a parallel electron beam having low convergence and spatial resolution in the range 0.1-1.0 lm. Recently, Hage et al. presented an approach to obtain MREELS spectra using a highly converged electron beam. 18 However, due to overlapping discs, the acquisition of momentum information along a defined direction in the reciprocal space is difficult resulting in momentum resolution between 0.5 and 1.2 Å
À1
. We present a nano-beam electron diffraction (NBED) approach used to obtain MREELS spectra from a 12 nm thick PrNiO 3 layer at high spatial resolution $2 nm at the same time easily accessing momentum information since the diffraction pattern spots are not overlapping. 19 This is demonstrated in Fig. 1 (b) where the schematic diffraction spots for parallel beam diffraction (1), converged beam diffraction (2), and NBED pattern (3) are compared.
Interest in thin films/heterostructures of PrNiO 3 and other rare-earth nickelates (RNiO 3 , R ¼ rare earth trivalent cation) is motivated by the fact that their properties can be modified by varying layer thickness, epitaxial strain, and layer confinement. 20, 21 Bulk PrNiO 3 undergoes a metal-insulator transition at 120 K with structural changes from the room temperature orthorhombic (Pbnm) structure to monoclinic (P21/n) structure below the metal-insulator temperature. 21 The effects of layer thickness, microstructure, epitaxial strain, and confinement in heterostructure geometry on the properties of PrNiO 3 are still not understood. Spatially and momentum resolved spectroscopy may enable probing the effects of layer geometry/thickness, presence of interfaces and surfaces on the spectra. This method also allows for the dispersion of various excitations to be obtained. In addition, orbital excitations including dipole-forbidden excitations which are only observed q ) 0 Å À1 can be obtained. 13 These excitations provide information regarding local bonding symmetry as well as possible changes in atomic/electronic structure accompanying temperature-induced phase transitions. 13, 22 We used pulsed laser deposition to grow 12 nm thick PrNiO 3 and 70 nm thick LaNiO 3 layers on a LaSrAlO 4 (001) substrate. TEM samples were then thinned using a focussed ion beam (FIB) to a TEM sample thickness (T) of 20-30 nm in the beam direction perpendicular to the growth direction. MREELS spectra were obtained using a Cs-corrected Libra TEM operating at 80 kV equipped with an energy monochromator and an in-column Omega energy filter. In the NBED mode, the obtained electron beam spot size was 2 nm and convergence angle of $1 mrad. 19 In this configuration, momentum resolutions between 0.2 and 0.4 Å À1 could be obtained. 24 Electronic structure and theoretical EELS spectra for jqj ! 0 were calculated using the WIEN2 k code. 23, 24 Additional theoretical EELS spectra with the inclusion of local field effects were obtained using the VASP code. A x-q intensity map showing energy loss (vertical axis) as a function of momentum (horizontal axis) is displayed in Fig. 3(a) . For a slit placed parallel to the 200 and 200 spots (i.e., q // [100]), the distance between the Brag spots is 2.31 Å
. By obtaining MREELS spectra along different directions in the BZ, the dependence of the excitations on the direction of q (spatial dependence) is thus determined. In addition, the dependence of the MREELS spectra with the magnitude of jqj along a particular direction in the BZ (wavelength dependence) can also be investigated. In both cases, peak features are labeled A, B, C, D, E, and F at 1.3 eV, 7.0 eV, 13.0 eV, 18.0 eV, 24.0 eV, and 31.0 eV, respectively. Peak A shows a very weak dispersion, is very sharp at low momentum values and its intensity decreases with increasing momentum. Peaks C and F are on the other hand dispersive. In addition, spectra obtained along q // [001] show a splitting of peak F at high momentum transfer. The splitting is most possibly due to multipleinelastic scattering involving the forbidden 0 0 1 type reflection observed in the NBED pattern from the [110] oriented domain. The origin of this reflection is still unclear but it is possible that it originates from double diffraction. 24 Despite the fact that multiple scattering is mostly undesirable, here it is proof that the MREELS spectra were obtained from two differently oriented nano-domains.
In the following discussion, we try to identify the nature and the origin of the observed peaks as well as effects of layer thickness on the experimental spectra. We determine the nature and the origin of various peaks by comparing the experimental EELS spectra (at q $ 0 Å À1 ) with calculated EELS spectra and dielectric functions both with and without the inclusion of local field effects (LFE). [25] [26] [27] [28] [29] This is presented in Fig. 4(a) for energy loss spectra and in Fig. 4(b) for the dielectric constants. In Fig. 4(a) , the calculated energy loss functions with LFE (thin solid lines) and without LFE (thick solid lines) reproduce all the observed peaks in the experimental spectra (dotted lines). Inclusion of LFE improves the agreement between calculated and experimental spectra this is especially the case for peak positions and intensity for energy losses above 18 eV.
At energy losses below 5 eV, the calculated spectra show a small peak P* at 0.95 eV and peak A* observed at $3 eV. On the other hand, peak A in the experimental spectra is observed at 1.37 eV. Within this energy range, spectra calculated with and without the inclusion of local field effects are very similar. The e 2xx curve (thin dotted line) shown in Fig. 4(b) displays free electron behaviour at low energy falling steeply from a large positive value. Peaks in e 2 curve are found at 8.5 eV, 16 eV, and 22 eV. The corresponding e 1xx curve (thin solid line) shows free electron behavior at low energies rising from a large negative value and crosses the energy axis with a positive slope at three positions, 0.8 eV, 11.1 eV, and 28.5 eV. Interband transitions will give rise to peaks in the e 2 curve while in metallic systems plasmon peaks obey the condition e 1 ¼ 0 with e 2 being small. [30] [31] [32] [33] The arrows in Fig. 4 (b) mark where the e 1 crosses the energy axis with a positive slope. We therefore expect plasmon peaks close to 0.8 eV, 11.1 eV, and 28.5 eV. This corresponds to a charge-carrier plasmon at 0.8 eV (peak P*) and two bulk plasmons at 11.1 (peak C) and 28.5 eV (peak F). The experimental peak A is therefore observed in an energy loss region between the charge carrier plasmon as well as the onset of interband transitions involving the Ni3d-O2p states at/near the Fermi level. 24, 34, 35 Similar peaks have been observed in several metallic transition metal oxides including ReO 3 , WO 3 , and Na x WO 3 and have been described as interband plasmons attributed to hybrid resonance from interaction between charge carrier plasmons and lowest interband transitions. [31] [32] [33] In our case as we show below, surface excitations also contribute to the intensity at peak A.
To determine the effects of layer thickness on the spectra, we performed spectra calculations using the relativistic Kroeger formalism. [36] [37] [38] As input for these calculations, we used theoretical dielectric functions shown in Fig. 4(b) . The calculated spectra for 100 nm (thick curve), 50 nm (thin curve), and 10 nm (dotted curve) thick PrNiO 3 films are displayed in Fig. 5 . In thin 10 nm samples surface excitations contribute to the intensity at peak position A, they also give rise to a shoulder at the low energy side of the peaks C and F. Therefore, the low energy loss spectrum of a very thin PrNiO 3 film is dominated by surface excitations. However, their strong momentum dependence makes it possible to distinguish them from other excitations.
Finally, it is important to mention some of the challenges to this method. The first challenge involves accounting for multiple scattering effects which have been shown to increase with increasing momentum transfer. 1, 8, [39] [40] [41] An approach to remove multiple scattering which involves deconvolution of a momentum integrated spectrum from momentum resolved spectra has already been developed. 8 Another approach which has been proposed is to work with the MREELS spectra at low momentum transfer values (jqj < 1 Å
) since the elastic-inelastic scattering effects increase at large momentum transfer values. 39 The second issue is that low loss EELS signal is delocalized and electrons can carry information from sample regions located at a small distance L from the classical trajectory. 1 In thin films and heterostructures delocalization increases the chances of exciting surface and interface modes. As the results presented here show their strong momentum and orientation dependence (tilt) can be used to distinguish them from other transitions. Morever, the ability to obtain spatially resolved MREELS spectra means we can also investigate the dispersion behaviour of surface and interface plasmons in ultrathin layers heterostructures and nanostructures as well.
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